To determine the effects of a putting practice session on the kinematics of full golf swings made by skilled male golfers. Skilled golfers perform putting practice for prolonged periods. The combination of sustained trunk flexion with minimal trunk motion may affect the endurance capacity of the trunk extensor muscles. Because of their important role in the golf swing, any impairment of the trunk extensors may negatively influence full-swing kinematics, but this has not been previously evaluated.
Three-dimensional swing kinematics and holding time on the Biering-Sørensen test of isometric trunk extensor endurance were evaluated in 29 skilled male golfers before and after performing a 40-minute putting task.
After the intervention, peak segmental speeds were reduced and total swing duration increased (mean SD, 36 55 milliseconds).
There were reductions in the magnitude of pelvis and torso axial rotation during the downswing (mean SD, -2.3° 2.6° and -2.3° 4.7°, respectively). The peak difference between torso rotation and pelvis rotation during early downswing was also significantly reduced by 0.9° 2.0°( P .05). The effects on pelvis and torso rotation were smallest for golfers with higher body mass index (BMI). Holding time on the Biering-Sørensen test after putting practice was reduced by 25.7 23.8 seconds (P = .01).
Changes in swing kinematics observed following 40 minutes of putting practice might have resulted from fatigue-related impairment of the trunk extensor muscles, a view supported by the poorer performance on the postintervention Biering-Sørensen test. Results showed that swing kinematics of golfers with high BMI were least affected by the putting practice. Harm, level 5. J Orthop Sports Phys Ther 2008; 38(7) : 425-433. doi:10.2519/jospt.2008.2617 golf, erector spinae, lumbar spine the trunk flexes forward from upright standing.
14,28 Putting, therefore, is likely to involve significant trunk extensor activity, and performing putting practice for prolonged periods may result in fatigue of these muscles. The trunk and hip extensors, specifically the erector spinae, hamstrings, and gluteal muscles, all play a significant role in producing and controlling trunk and pelvis motion during the full-swing action. So fatigue of these muscles, as is hypothesized to occur following putting practice, may affect the kinematics of the full golf swing. 1, 18, 22, 31 Relationships between golf performance and the range, sequencing, and timing of rotation of the torso and the pelvis during the swing have been widely studied, particularly as these factors are thought to be important in the generation of power in the golf swing. 3, 4, 19, 21, 24 For example, the magnitude of the difference between torso and pelvis rotation increases during the backswing but among elite players it typically peaks in the early part of the downswing, as the pelvis begins rotating towards the target before the torso. 3, 19 The magnitude of the torso-pelvis differential, as well as the rate at which it occurs during the backswing, and the rate at which it is reduced during the downswing, are thought to be important variables for obtaining longer driving distances, possibly achieved through motion.
6 While trunk muscle activity during putting has not been specifically examined, it has been shown that activity in the trunk extensors increases as
decline. [13] [14] [15] [16] 20 Lastly, the golfer's body mass index (BMI) was considered. While the influence of player anthropometrics on swing kinematics has not previously been widely investigated, an association between being a golfer with low BMI and experiencing low back pain (LBP) has been reported. 7, 17 Alternatively, it has been hypothesized that during trunk flexion, a higher BMI increases the rotational moment around the lumbosacral joint, requiring greater activity in the erector spinae muscles.
14 Accordingly, a second aim of the present study was to determine whether the golfer's BMI influenced any changes observed in swing kinematics following the putting practice.
Participants
ale golfers (n = 29) with a mean SD Australian handicap of 1.6 2.4 (range, 0-8) strokes volunteered ( ). At this level of skill, the kinematics of repeated swings was expected to be consistent. 10, 23, 26 Nineteen of the participants were qualified golf professionals or trainee professionals, credited with a handicap of 0, and 10 participants had handicaps equal to or less than 8. All participants were right-handed, with BMI values between 20.5 and 31.7 kg/m 2 . Twenty-five of the participants reported having experienced previous episodes of LBP, but all were symptom free at the time of testing. Written consent was obtained prior to data collection and approval to conduct the study was given by The Griffith University Human Research Ethics Committee.
All participants performed the same warm-up routine, consisting of 10 minutes of stretching the muscles of the torso and upper and lower limbs, followed by 5 practice swings, using a 5-iron to optimize swing consistency. Participants were then told to imagine that they had hit their first shot down the middle of the fairway and had chosen a 5-iron to make their next shot. They were asked to hit the ball as straight as possible. Kinematic data for the pelvis, torso, head, and hand were then collected from 5 full swings, with participants using their own club, hitting golf balls off a mat into a net. Participants paused for 30 seconds between each swing.
Following this, participants performed the Biering-Sørensen test and a 40-minute putting task. The duration of the putting task based on practice times of current participants ( ) and previously reported data. 17 The putting task was self-paced and involved hitting balls along a mat to a hole 3 m away. Immediately after the putting session, the participants performed another 5 full swings with the same golf club, again with the intent to hit each ball as straight as possible. Lastly, the Biering-Sørensen test was repeated to determine any changes in trunk extensor endurance.
Biering-Sørensen Test Participants were positioned prone with the anterior superior iliac spines resting on the edge of a plinth and the upper body resting on a chair. The lower body was fixed to the plinth by 3 seat belts. Participants crossed the arms over the chest, lifted the upper body to horizontal, and maintained this position for as long as possible. They were encouraged throughout the test and given feedback if they deviated from horizontal. The test was terminated if the position could not be maintained due to fatigue or excessive discomfort. Holding time was recorded in seconds. Kinematic Data Golf swing 3-dimensional (3-D) kinematic data were sampled at 240 Hz using the Polhemus Liberty electromagnetic tracking system (Polhemus Inc, Colchester, VT), with Skill-3D for Golf software (Skill Technologies Inc, Phoenix, AZ). The Polhemus system has a manufacturer-specified static accuracy of 0.76 mm along each sensor axis and 0.15°r oot-mean-square (RMS) for sensor orientation, with a stated resolution of 0.04 mm for position and 0.0012° for orientamore effective use of stretch-shorten cycle (SSC) contractions. 3, 4 That is, rapidly stretching the muscles of both the trunk and the pelvis during the backswing, followed immediately by concentric contractions of these same muscles, may enhance power production during the downswing.
11,30 The trunk extensors, one of the important muscle groups involved in the golf swing, demonstrate significant activity both during the backswing and downswing and may play a critical role in the effective use of the SSC. 1, 11, 18, 22, 31 Thus the effects of prolonged activation of these muscles, as is hypothesized to occur during sustained putting, may affect the ability of the golfer to utilize the SSC.
A proximal-distal sequence of body segment rotations, whereby the pelvis reaches peak angular velocity first, followed by the torso and finally the wrists, has been shown to maximize club head speed at impact. 3, 21, 27 Less is known regarding the ideal duration of delays between peak segmental speeds. However, given that previous research has suggested that muscle fatigue affects the temporal characteristics of other multijoint sports tasks, 8 it may be that it is in the precision of timing and sequencing between the trunk and the pelvis where the effects of fatigue become apparent.
The purpose of this study was to determine the effect of 40 minutes of putting practice on swing kinematics in skilled male golfers. We anticipated that the putting task would affect pelvis and torso kinematics, and decrease hand speed during the swing. We also anticipated that the effects on performance would be a result of fatigue of the trunk extensors and would therefore result in poorer performance on a subsequent Biering-Sørens-en test.
2 The Biering-Sørensen test is an isometric trunk extensor endurance test frequently used to examine the fatigability of the trunk extensors in clinical environments. 5, 15 This test has been shown to have good reliability and high correlation between holding time on the test and electromyographic (EMG) fatigue parameters, such as median frequency tion. The origin of the global coordinate system (transmitter) was approximately 0.3 m behind the golfer, with +z vertically upwards, +y the target direction, and +x directed anteriorly. Four 6-degrees-offreedom (6DOF) sensors were used to record the 3-D linear (x, y, z) and angular (pitch, yaw, roll) motion of the pelvis, torso, head, and left hand. To represent body segments, sensors were placed on the forehead 1 cm above the bridge of the nose (head), the thoracic spine at the level of T3 (torso), the sacrum at S2 (pelvis), and the posterior aspect of the left hand (hand). So as not to impede the swing, sensors were secured using a Velcro strap around the forehead for the forehead sensor, a harness for the sensors at T3 and S2, and the participant's golf glove for the hand sensor ( ). Prior to collecting the kinematic data, calibration trials were recorded with participants in an upright, neutral standing position facing the +x axis. The harness and sensors were removed following the preintervention trials and then reapplied for the postintervention assessment.
All kinematic analysis was performed using custom-designed software (Golf BioDynamics Pty Ltd, Corinda, Australia) developed with Matlab, Version 7.0.4 (The Mathworks, Inc, Natwick, MA). In the present study, the start of the swing was defined from movement of the hand sensor in the -y direction-that is, movement away from target, and the top of swing by maximal pelvis rotation from target. Impact was defined as the lowest vertical point of the hand sensor in the z direction. The backswing and downswing were defined as the time between the start of backswing and the top of the swing and from top of swing to impact, respectively. Rotations All orientations were expressed relative to the upright, neutral standing position. This was achieved by performing a transformation to align the coordinate system for each sensor with the global coordinate system (GCS) in the neutral position. Head, torso, and pelvis axial rotations were subsequently obtained from projections of their respective x-axis unit vectors onto the x-y plane of the GCS, with rotations towards target (counterclockwise rotation) defined as positive. The maximum difference between the magnitude of torso rotation and pelvis rotation was calculated (the "X-Factor") and the amount by which this value increased from the top of the backswing to the maximum differential between torso and pelvis rotation during the early part of the downswing (the "X-Factor stretch") was also calculated. 4, 19 The maximum rate at which the X-Factor stretch was generated and the rate at which this difference decreased during the downswing ("rate of recoil") were calculated from the slope of the X-Factor curve. Head, torso, and pelvis flexion and lateral flexion were obtained from the angle between the respective horizontal sensor axes and the global x-y plane. Positive values for flexion and lateral flexion angles indicated forward flexion and lateral flexion to the right, respectively. Displacements Displacements of the head, torso, and pelvis along the x (anterior/posterior), y (left/right), and z (up/ down) axes of the GCS were expressed relative to the address position, the position a golfer adopts prior to initiating a swing. Speed and Relative Timing Hand speed in m·s -1 was obtained from the rate of change of the resultant displacement of the hand sensor. Pelvis and torso speed were calculated in deg·s -1 from the slope of the corresponding angle-time curves. Lag times in milliseconds were computed for the time between the peak linear velocity of the hand and impact (hand lag time), the peak angular velocity of the torso and peak linear velocity of the Golfer in the address position with measurement instrumentation attached so as to allow the golfer to swing freely. Sensors were secured using a Velcro strap around the forehead, a harness to secure the sensors placed posteriorly at T3 and S2 and the golfer's glove was used to fix the sensor on the left hand. A Velcro strap was used around the left forearm to ensure the lead did not impede movement.
[ RESEARCH REPORT ] hand (torso-hand lag time), and the peak angular velocities of the pelvis and torso (pelvis-torso lag time).
Means for each of the variables analyzed were calculated over the 5 swings performed before, and for the 5 swings performed after, the intervention. Eight variables were analyzed for the address position, 13 for the backswing ( ), 20 for the downswing ( ), and 3 for swing duration ( ). Intraclass correlation coefficient (ICC 3,1 ) reliability indices were computed both within the preswing and postswing trials. After entering the means of the 5 trials, a repeated-measures analysis of variance (ANOVA) was used to examine preintervention and postintervention differences in each of the defined variables. To explore the effect of BMI on the Biering-Sø-rensen test and swing kinematics, golfers were subdivided into 3 BMI subgroups, by visual inspection of the histogram. The trend analysis option within SPSS ANOVA was selected where factor levels were on a continuum, as with BMI. SPSS Version 12.0.1 for Windows was used for all analyses and P .05 was considered significant.
I
ntertrial reliability values obtained for repeat measurements of variables associated with the swings preintervention ranged from 0.91 to 0.98 and, for the swings postintervention, from 0.87 to 0.98.
To depict the variables measured, and to illustrate the preintervention-postintervention differences, kinematic data for a golf swing performed before and after the intervention for a single participant are displayed in . Angular displacements, linear displacements, and velocity data for a single subject preintervention (A) and postintervention (B). Data are presented from the beginning of the backswing to impact. The solid vertical line at time t = 0 on each panel represents the top of the swing. Note differences in time axis between A and B due to a slower swing duration postintervention.
[ RESEARCH REPORT ] the only variables that were significantly different between preputting and postputting session were pelvis flexion (P = .02) and head lateral flexion (P = .046). The pelvis was significantly less flexed postintervention (mean SD, 21.3° 6.9°), compared to preintervention (23.1° 7.1°), and the head was significantly less laterally flexed to the right postintervention (0.5° 4.7°) compared to 1.4° 5.8° preintervention. Backswing During the backswing there was a significant reduction in torso rotation (P = .01) and upward head movement (P = .04) postintervention ( ). Downswing During the downswing ( ), rotation of the pelvis (P .01) and torso (P = .01) were significantly decreased postintervention, as was the amount of pelvis lateral flexion (P = .02).
There were also significant reductions in the X-Factor stretch (P = .03), the rate of stretch (P = .01), and the rate of recoil (P .01). Torso speed (P .01), pelvis speed (P = .01), hand speed (P .01), and hand-lag (P .01) were all significantly slower ( ). The reductions in segment speeds, and rate of stretch and rate of recoil, are shown in . Swing Duration The proportion of the total swing time attributed to the backswing and downswing was 71.5% and 28.5% preintervention and 71.8% and 28.2% postintervention ( ). The total swing time, from address to impact, was significantly slower (P .01) by 36 55 milliseconds postintervention. There was no difference in mean downswing time, but mean backswing time was significantly slower by 30 52 milliseconds (P .01).
Holding time on the Biering-Sørensen test was significantly lower (P = .01) at the end of the study protocol (mean SD, 123.4 33.2 seconds) than at the beginning (149.2 37.8 seconds). When golfers were divided into 3 BMI subgroups ( ), mean BMI values were 21.8 (n = 8), 24.3 (n = 9), and 28.3 (n = 12) kg/m 2 . Trend analysis conducted within ANOVA showed a significant linear decrease in Biering-Sørensen holding time as BMI increased across subgroups (F 1,26 = 18.75, P .001). There was also a postintervention reduction in holding time (F 1,26 = 39.39, P .001), but no interaction between these 2 effects (F 1,26 = 2.0, P = .16). Thus, after the putting task, performance on the endurance test was worse by a mean 26 seconds, regardless of BMI subgroup.
The amount of preinterventionpostintervention difference in 2 kinematic measures, torso and pelvis rotation ( 5), was found to be significantly different according to BMI subgroup (F 1,26 = 4.56, P = .02 and F 1,26 = 3.88, P = .03, respectively). That is, golfers with low and medium BMI had significantly larger reductions in range of torso and pelvis rotation during the swings made after the putting task, compared to those with high BMI, who were relatively less affected.
n this study, golfers exhibited systematic changes in full-swing kinematics following a 40-minute putting task. The putting task was used because golfers practice their putting skills for long periods, and, when competing, often perform putting drills immediately prior to teeing off. Further, putting has also been shown to significantly contribute to spinal loading during a round, 6 so it has sport-specific validity to incorporate as a task prior to an examination of swing performance. While an effective putting with maximum club head speed resulting from a sequential proximal-distal pattern of motion. 27 While the sequence of segmental motion was not affected following the intervention, peak velocity for all segments was reduced and the timing at which these peaks occurred was significantly altered. For example, peak pelvis velocity occurred earlier relative to impact, and peak hand speed occurred earlier in downswing (evidenced by the increase in hand lag time). Although the changes in the magnitude and timing of the peak segmental velocities, in conjunction with the loss of range of torso and pelvis rotation, might have negative consequences on performance variables such as hitting distance, hitting distance was not specifically measured here. Future studies are warranted to examine the effects of putting practice on factors such as club head velocity and hitting distance.
Of the displacement variables examined, only upwards head movement and pelvis lateral flexion were significantly affected: the head did not move upwards as much postintervention and there was an increase in pelvis movement toward target (left) during the downswing. These findings are further evidence of an overall alteration in swing coordination, which suggests that these fatigueinduced compensatory strategies may affect performance.
Lindsay and Horton 17 have reported a trend toward professional golfers with LBP having greater spinal flexion in the address position than those without LBP. In the present study, the majority of differences were observed during the downswing, although there were small changes in postural alignment in the address position. However, of the 8 variables examined, only pelvis flexion and head lateral flexion were significantly different postintervention. Although these changes were statistically significant, the practical significance of the pelvis being approximately 2° less flexed and the head approximately 1° less laterally flexed is unknown.
Previously, Horton et al 9 compared the the high-level motor control needed for effective golf performance. In a SSC, optimal performance results when the rate of stretch is high.
11 In the present study, putting for 40 minutes significantly reduced the rate of stretch during the swing and affected the temporal characteristics of the swing. The duration of the backswing and total swing were significantly higher postintervention, although the relative proportion of the swing phases was not affected. During the downswing, the range of torso and pelvis rotation, and the rate of recoil (how quickly the torso-pelvis rotation difference decreased) were also significantly reduced. The overall effect was that, during the swing after putting practice, the golfers were taking longer to move through a lesser amount of range of motion.
Interestingly, the changes in the magnitude of pelvis and torso rotation were smallest for golfers with high BMI. Prior to the putting task, the range of torso and pelvis rotation was already lower for the individuals in the high-BMI group. An inference arising from this finding is that the swing kinematics of golfers with low and high BMI are different, and so their swings are differentially affected by 40 minutes of putting practice. The fact that the greatest postintervention adjustments were made by the leanest golfers suggests that the golfers in this group are the most vulnerable to the effects of fatigue, and this is consistent with previous findings that leaner golfers were the most susceptible to LBP. 7, 17 One possibility is that the additional body mass of golfers with higher BMI not only provides them with a buffer against the repeated spinal rotational stresses generated during the swing but that the inertia of the additional mass acting during the swing also mitigates the effects of fatigue. Extending this view, it may be that it is the additional effort made by golfers with low BMI to maintain their swing characteristics when fatigued that increases their vulnerability to LBP.
The swing of elite golfers is characterized by a pattern of motion that conforms to the summation of forces principle, 3 stroke does not require body segments to move through large ranges of motion, as occurs in the full-swing action, it was hypothesized that the combination of sustained trunk flexion with minimal body movement would induce some fatigue of the trunk extensor muscles, resulting in immediate changes in kinematics of full swings. Given that the Biering-Sørensen test can normally be repeated within a short period, with no deleterious effects on performance, 25 the significantly lower holding times observed postintervention support the interpretation that 40 minutes of putting induced some fatigue of the trunk extensors. This interpretation could be further clarified using EMG because the negative effect on swing kinematics may have been due to central fatigue rather than peripheral fatigue.
Following the 40-minute putting task, there was significantly less torso rotation achieved during the backswing, a factor contributing to the significant reduction in the maximum difference between torso and pelvis rotation in the early part of the downswing. It has been suggested that the magnitude of the difference between torso and pelvic rotation, and its correlation with club head velocity, may be related to the SSC. 4, 11 That is, for the majority of elite players, left pelvic rotation initiates the downswing before the arms and torso complete the backswing, effectively increasing the torso/pelvis differential, hence, the stretch on the muscles of the trunk.
3 Thus, less rotational difference between the torso and the pelvis during the downswing may limit the golfer's ability to effectively use the SSC to enhance power production, ultimately decreasing hitting distance. EMG studies have demonstrated the important role of the trunk extensors during the downswing. The hip extensors assist pelvic rotation and, as the torso begins the downswing, activity of the erector spinae and abdominal muscles increases. 1, 22, 31 Alterations in the ability of the trunk extensors to produce or control trunk and pelvis rotation, such as is hypothesized to have occurred following putting practice, may compromise fore a degree of bias in our kinematic data cannot be discounted. However, our reliability data and the consistent direction of our main findings give us confidence that skin motion artifact did not unduly influence the main conclusions of the study. A further limitation was that the single sensor attached to the torso at T3 might not have adequately reflected the true motion of the entire torso segment. Finally, projection angles, which were used to quantify 3-D motion of the torso, head, and trunk during each swing, can result in errors when rotations about the axis of interest are accompanied by large rotations about alternate 3-D axes. This issue is of less concern with the use of a repeatedmeasures (within-subjects) design, as was employed in the present study. However, care should be taken when comparing the angles reported here with those obtained using alternative methods.
n this study, we showed that 40 minutes of putting significantly affected the kinematics of full golf swings made by skilled golfers and resulted in poorer performance on the Biering-Sø-rensen test. Immediately following the putting practice, movement coordination was altered, peak segmental speeds decreased, and swing duration increased. Future studies investigating the effects of these changes on club head velocity and hitting distance and accuracy are warranted. The findings here also show that a golfer's BMI influenced the changes observed in swing kinematics. That is, following putting practice, changes in torso and pelvis rotation range were smallest for golfers with high BMI.
After 40 minutes of putting practice, the kinematics of 5-iron swings of skilled golfers were affected. The effects included reductions in the speed and magnitude of pelvis and torso axial rotation during the downswing. Golfers with higher BMI were least affected by effects of a practice session on abdominal muscle fatigue between golfers with chronic LBP and asymptomatic golfers. Following practice, which consisted of hitting golf balls with various clubs every 30 seconds for 50 minutes, neither group demonstrated significant abdominal muscle fatigue, but participants with chronic LBP reported a significant increase in the severity of their symptoms. The golfers in the present study were symptom free during testing, but research is needed to determine whether fatigue-related changes following putting practice increase the risk of experiencing LBP, or whether the changes are more pronounced in golfers with LBP. Also, given that golfers with high BMI were least affected by the intervention and have been found previously to develop less LBP, 7 the nature of the relationship between the anthropometric characteristics of golfers, fatigue, and back pain warrants further examination.
The findings that a 40-minute putting task affected kinematics of full swings and resulted in significantly poorer performance on the Biering-Sørensen test support the idea that training programs for golfers that incorporate exercises intended to increase the fatigue threshold of the trunk extensors may reduce the effect of putting practice on swing performance. This hypothesis should be examined in future studies. Additionally, the findings of the present study have implications for future studies investigating optimal durations and structure of practice sessions where the goal is to prevent practice from affecting the quality of subsequent swing performance.
A limitation of the present study was that motion of the skin-mounted sensors relative to the underlying body segment may have resulted in errors in our kinematic data. These errors are difficult to avoid without using bone-mounted sensors but were minimized in the present study by mounting the sensors with a custom-made harness. The extent to which the anthropometric characteristics of individual participants influenced these skin motion errors was not assessed and there-
